We show here that similar to starvation, ingestion of the bacterial product rapamycin (RAP) interferes with egg production in female Drosophila. RAP ingestion results in posterior follicle cells (PFC) in stage 8/9 egg chambers losing epithelial polarity, after which PFC invade and phagocytose the oocyte. Nurse cell apoptosis then occurs, followed by total egg chamber destruction. Knockdown of the RAP receptor FKBP12 specifically in PFC rescues oogenesis and also the laying of embryos that develop into normal offspring in flies fed RAP. Thus, somatic cells can be induced to destroy intact oocytes without a requirement for earlier oocyte compromise. Genes that control apicobasal epithelial polarity were found to be involved in egg chamber destruction. In flies bearing heterozygous mutations for discs large, merlin, or warts, PFC epithelia fail to lose polarity on RAP treatment. Embryo laying and offspring development to adulthood are rescued in all of these mutants when housed on RAP concentrations that block oogenesis in wild-type flies. The response to RAP was found to be conserved in mammals, as mouse ovarian follicles cultured in vitro with RAP show the rapid destruction of the oocyte by adjacent granulosa cells. Inducible somatic oocyte destruction is thus implicated in controlling egg survival in insects and mammals.
are highly conserved.
Also conserved are the mechanisms that control oocyte death and the clearance of their corpses. In insects, 5 avians, 6 and mammals, 7 apoptosis has been considered the primary mode of oocyte death; however, it is increasingly clear that autophagy also has a function. 8, 9 Studies of oocyte death have revealed that phagocytic cells engulf and destroy oocyte 'corpses.' These are the immediately adjacent somatic cells, follicle cells in insects, 5 and granulosa cells in mammals. 10 A critical mechanism that regulates female fertility is regulating the availability of fertilization-competent eggs. Egg production in Drosophila has been shown to be regulated by nutritional (amino-acid) availability, and endocrine and paracrine hormone signaling. 11 The rate of production of new egg chambers by the germ and somatic stem cells of the germarium slows when flies are placed under starvation conditions. 11, 12 In addition, it has long been known that immature egg chambers (containing oocytes) degenerate and die upon starvation, within the germarium or alternatively within 'mid-stage' (stage 8/9) egg chambers 11 (see Pritchett et al. 13 for review). We sought to determine the relative impact of decreased 'production' versus increased 'destruction' because of nutritional withdrawal on egg laying.
During periods of compromised nutrition, activity of the target of rapamycin (TOR) kinase is decreased, leading to conserved pleiotropic downstream effects including a general inhibition of translation, 14 reduced cell proliferation, 15 and reduced tissue growth. 16 For these reasons, experimental manipulation of TOR signaling is often used to mimic nutritional conditions. The macrolide compound rapamycin (RAP) blocks its eponymous target TOR by binding an intracellular receptor, the immunophilin FKBP12. 17 RAP is produced by the actinomycete bacteria Streptomyces hygroscopicus and was discovered for its potent anti-mitotic properties when applied to fungi. It is interesting that a supposedly rare bacterial product such as RAP elicits such conserved anti-growth (and, where applicable, immunosuppressive) responses in many organisms. 18 Accordingly, studies have shown that Drosophila larvae raised on food containing RAP show significant growth restriction and lessened survivability. 19 We hypothesized that this model of TOR inhibition would be a similarly useful model of nutritional compromise in adult flies, and would result in consistent oocyte loss.
It has been supposed that oocyte loss occurs because of impaired intrinsic physiological and biochemical pathways within the oocyte (e.g. compromised genetic, epigenetic, or cytoplasmic oocyte competence to produce offspring when fertilized). This model requires that oocyte compromise occurs first, and that signaling during degeneration and death provokes surrounding somatic cells to clear and dispose of its corpse. 11, 13 Instead, we show here that follicle cell invasion and phagocytosis of oocytes can be induced in the fly Drosophila melanogaster by RAP ingestion, without a requirement for oocyte degeneration or death. We further show that genes required for the establishment and maintenance of follicle cell epithelial polarity during the development are also required for RAP-induced egg chamber destruction. We show that the process can be induced by RAP in mouse follicles cultured in vitro as well, implicating a conserved process of inducible somatic oocyte destruction (ISOD) as an important regulator of oocyte survival and thus fertility.
Results
ISOD in the fly. We first placed newly eclosed virgin females with males under complete starvation conditions (agar gel plates), on food containing 10 mM RAP, or on food containing ethanol vehicle. Evaluation of ovaries and egg chambers from treated flies revealed differences between the three groups ( Figure 1 ). By day 3 of treatment, ovaries from fed flies (vehicle-treated) showed the entire continuum of oogenesis ( Figure 1a) . Instead, starved flies showed almost completely degenerate ovaries (Figure 1b ) consistent with halted egg chamber production by germ stem cells. 12 Unlike fed or starved flies, flies housed on food containing 10 mM RAP consistently showed the presence of egg chambers up to mid-stages ( Figure 1c , confocal fluorescence micrograph in Figure 1d ) and degenerating egg chambers were most often seen the most mature position (Figure 1d , arrowheads). These data revealed two important features of RAP's effects on oogenesis as compared with starvation. First, RAP treatment correlates with increased destruction of egg chambers at the midstages. Second, RAP treatment results in a surprising continuation of the production of new egg chambers by the stem cells of the germarium (below, Figure 2 ). We first characterized this RAP-specific destruction of egg chambers, then measured the consequences of a dose curve of RAP treatment on embryo laying.
In our analysis of RAP-induced egg chamber destruction (Figure 1e ), we took advantage of features of degenerating mid-stage egg chambers of starved adult flies as identified by Mazzalupo and Cooley. 5 In our hands, the first sign of degeneration was seen in posterior follicle cells (PFC) of stages 8 and 9 egg chambers. RAP ingestion consistently induced a loss of PFC epithelial apicobasal polarity (LOP) characterized by (Figure 1e panel i, again compare with normal intact egg chamber in top panel) PFC 'piling up' and taking on a disorganized appearance. LOP was confirmed by staining treated and control ovarioles for Armadillo protein, which was seen to redistribute in the PFC of RAP-treated flies (Supplementary Figure S1) . After 'piling up,' follicle cells were seen invading the oocyte (inset of Figure 1e panel i; compare with untreated control in top panel of Figure 1e ). This effect was specific to stages 8 and 9 egg chambers, as no cells in larger or smaller egg chambers showed signs of disorganization. Instead of having an obvious degenerate appearance, egg chambers exhibiting posterior LOP appeared otherwise intact, exhibiting non-degenerate nurse cell (NC) nuclei and ring canals (Figure 1e , panels i and ii).
Use of a transgenic fly line that expresses green fluorescent protein (GFP) in germ cells (see Materials and Methods) revealed uptake of the GFP by the invasive PFC (Figure 1e , panels i and ii,*, and insets), showing that phagocytosis of oocyte cytoplasm and yolk (Figure 1eii , *, and inset) by PFC begins soon after LOP. Consistent degenerative steps followed, in which NC nuclei became condensed and borders between NC, including ring canals, were disrupted beyond recognition (Figure 1eiii ). Follicle cells can be seen intermixed with the degenerating oocyte and NC. Finally, an egg chamber remnant (Figure 1eiv ) consisting of irregular follicle cells with central disorganized actin-rich structures ( Figure  1eiv , arrowhead) and fragmented NC nuclei remains. Quantification of egg chambers undergoing degeneration in response to RAP followed to determine whether the features of degeneration were induced in a consistent manner.
Assessment of over 100 mid-stage egg chambers from flies housed on vehicle, 10, or 20 mM RAP showed that consistent proportions of degenerating egg chambers with invasive/ phagocytic PFC, but intact NC versus those with invasive PFC and NC apoptosis, were present at 40 h post-treatment (Figure 1f ). The in vivo effects of RAP ingestion were recapitulated in an in vitro ovariole culture system (Figure 1g , after 20 ). In all, we placed approximately 150 ovarioles into culture either containing 100 mM RAP or vehicle. After 2 h, 40% of stage 8/9 egg chambers showed degenerative features (egg chambers with either PFC LOP alone or in combination with NC apoptosis) and as seen in vivo, whereas 8% of vehicle-treated stage 8/9 egg chambers showed signs of degeneration. The above data suggest that the features of egg chamber destruction can be placed into a stepwise, developmental order (cartoon schemes and proposed stages of egg chamber degeneration as induced by RAP are shown in Supplementary Figure S2) .
We determined the consequences of RAP treatment on fertility by performing an assessment of embryo laying when newly eclosed females were mated and housed on a dose curve of the drug for 19 days (Figure 1h ). Initial controls in (w*; pVasa-me31B-GFP) were placed with males under starvation conditions resulted in essentially zero embryos laid until flies were moved to food (Figure 1h, 'FED' ). Separate mating groups were housed on food containing a dose curve of RAP (see 'Analysis of RAP uptake by flies' in Materials and Methods) up to an approximate LD20/7 days dose (20 mM). RAP decreased the number of embryos laid per fly in a dosedependent manner. When moved to food lacking RAP, flies showed a substantial recovery in embryo laying (Figure 1h , 'DRUG REMOVED'). Importantly, separate controls were performed in which males housed on RAP for 6 days were moved to food lacking drug and mated with virgin females. No reduction in male fertility was detected (not shown). Having characterized RAP-induced oocyte destruction and its consequences for fertility, we asked whether new egg chamber production by germline stem cells continued or was arrested in the presence of the drug. Figure 2c ). When considering mitotic activity within the germaria of the above ovarioles only, vehicle, RAP-treated, and starved flies showed 9, 7, and 1 germaria with one or more positive cells (examples shown in Figures 2d-f ), respectively. P-HH3 staining was recapitulated by assessment of mitotic chromosomes using DNA staining alone (Figures 2g-i) . Thus, new egg chamber production and growth in early stages continues nearly apace when RAP is applied. This is counter to the effects seen in most cell types studied, which instead favor slowed proliferation when TOR kinase is specifically inhibited. 19, 21 In our studies, only starvation correlated with ovariole cell cycle arrest, consistent with earlier findings.
12
Inducible PFC destruction of egg chambers. Having characterized the effects of RAP on oogenesis and embryo laying, our next objective was to determine whether the effects of RAP treatment was indeed dependent on the inhibitor binding its known receptor, FKBP12. First, we determined the expression of FKBP12 in stage 8 egg chambers ( Figure 3a ). FKBP12 was found to be expressed in follicle cells and NCs, with lower levels detected in the oocyte. We then generated fly lines that express RNAi targeted to FKBP12 in follicle cells in different regions of the egg chamber. We hypothesized that knockdown of FKBP12 in PFC would inhibit egg chamber destruction, perhaps leading to lessened LOP, or lessened follicle cell invasion into the oocyte. Accordingly, we hypothesized that controls using an anterior follicle cell (AFC)-specific promoter would not prevent the process. Our hypothesis proved correct, as flies bearing a PFCspecific GAL4 driver and UAS-FKBP12 RNAi (example of FKBP12 expression knockdown in PFC shown in Figure 3b , additional examples in Supplementary Figure S3 ) continued to lay embryos when housed with males on 10 mM RAP ( Figure 3c ). We counted embryos laid per fly from our experimental and control strains on each day post-eclosure for 6 days. To ensure that we accounted for basal strain laying differences, we calculated the percentage of embryos laid versus vehicle-treated same-strain controls. When raised on the 10 mM concentration of RAP that obliterated embryo laying by wild-type flies (Figure 1h ), flies expressing an AFC-specific GAL4 driver and UAS/FKBP12 RNAi, also flies expressing the driver or UAS/RNAi alone, and flies expressing the PFCspecific driver and RNAi instead showed a significant rescue of embryo laying ( Figure 3c ). As the GAL4/UAS system used is known to be effective in somatic cells, but not the germline, 22, 23 and RNAi has been shown to be non-functional in oocytes until much later in oogenesis (stage 14, 24 ) , it is likely that laying indeed results from somatic follicle cell effects and not from any unanticipated knockdown effects within oocytes.
Beyond the immediate result, the demonstration that the RAP receptor is required in follicle cells for the drug's effects, this experiment allowed us to address a long-standing question in reproductive biology. Egg chamber death in insects and ovarian follicle death -termed as atresia -in mammals have been studied for many years. Oocyte loss in insects and mammals has been discussed in terms of a supposed function in 'quality control,' in which oocytes that have diminished genetic, epigenetic, or cytoplasmic integrity die and are then cleared by surrounding somatic cells. However, it has never been conclusively determined whether intrinsic oocyte damage is in fact a prerequisite for oocyte loss. We used this PFC-specific FKBP12 knockdown system to address this question as follows. If maternal RAP damaged oocytes during development, even though embryo laying was rescued in the knockdown flies, a fraction of damaged embryos would be incapable of developing into adults. To test this, we moved laid embryos from PFC FKBP12 knockdown flies to fresh standard fly food containing no RAP (to avoid the problem of RAP preventing larval development as per Zhang et al. 19 ). We found that 108 of 120 embryos hatched and developed into normal adults (by way of comparison, 112 of 120 wild-type control embryos from untreated mothers that were similarly moved to fresh fly food developed into adults). This result shows that maternal RAP treatment does not compromise an oocyte's (e.g. the germ compartment's) ability to complete oogenesis and give rise to offspring. Instead, we have shown that oocyte-extrinsic cues can induce somatic follicle cells to destroy oocytes that would otherwise be capable of giving rise to offspring.
As FKBP12 expression is required within PFCs for the induction of mid-stage egg chamber destruction by RAP, and normal oogenesis and offspring production occur in our FKBP12 PFC knockdown model, somatic follicle cell-specific effects are both necessary and sufficient to carry out oocyte destruction and halt oogenesis and fertility. We thus refer to this process as ISOD to make a clear distinction with models of oocyte loss that involve earlier or concurrent oocyte damage.
Although we were able to define ISOD as an ordered process with consistent consequences, the genes that execute oocyte destruction within follicle cells remained unknown. We hypothesized that genes known to control follicle cell development and/or follicle cell epithelial polarity were required for the initiation or execution of the process of egg invasion and destruction. ISOD requires intact signaling by genes involved in the control of PFC tissue size and epithelial polarity. We engaged in a candidate gene approach to test whether known regulators of follicle cell layer development are also required for ISOD. We first confirmed that egg laying was halted in wild-type Canton-S flies and the me31b/GFP controls used earlier when fed RAP. To account for the action of RAP on the TOR signaling pathway, we examined embryo laying by Drosophila target of rapamycin (dTOR) mutant flies. Zhang et al. 25 showed that strong mutations in dTOR kinase exhibit growth retardation and significantly compromised oogenesis. We hypothesized that compromised oogenesis would occur even in flies heterozygous for a strong loss-of-function dTOR allele, and that this would be exacerbated by RAP treatment.
Next, we evaluated members of the Salvador-Warts-Hippo (SWH) network of proteins known for their functions in the control of cell growth, tissue size, 26 and oocyte axis determination 27, 28 through action within the PFC. The tumor (see  table in c, Posterior GAL4, RNAi ' þ '). (c) Knockdown of FKBP12 specifically in PFCs using a posterior-specific GAL4 driver (**) rescues egg laying on flies housed on food containing 10 mM RAP. Note that flies expressing FKBP12 RNAi using an AFC GAL4 driver (*) neither lay appreciable embryos versus controls when housed on RAP, nor does expression of the UAS-RNAi alone. Data shown are from the 5th day of continuous treatment post-eclosure suppressor Merlin/Neurofibromin 2 (Mer) has recently been proposed to be an SWH network participant, 29 and, through the regulation of Warts (Wts) and Hippo, has also been shown to be required to establish proper oocyte axis formation. 30 Wts and two unique alleles of mer 31 were tested here. Scribble (scrb) and discs large (dlg) are among the genes that control the polarity of the follicle cell layer 32, 33 by participating in junctional complexes between epithelial cells, and flies heterozygous for these genes were also tested. Last, we tested whether Draper (drpr), a gene that acts as a receptor for dead and dying cells during the development of the nervous system, 34 is required for oocyte destruction. Drpr has also been shown to function within cell competition models, in which cells of abnormal size (e.g. Minute mutations) die and are targeted for destruction. 35 Here, we hypothesized that drpr would be required to target and engulf oocytes in a similar manner.
Our preliminary screen was executed as follows. Embryo laying of mutant and wild-type flies was monitored every 24 h for 6 days in the presence or absence of RAP, or under starvation conditions. First, examination of ovaries and ovarioles was performed on untreated flies from all strains and we found that there was no significant difference between the basal rate of egg chamber degradation in any strain when compared with Canton-S flies. Of all strains, only wts had a significantly altered rate of embryo laying (laying approximately half the embryos per day as the other strains). The average number of embryos laid by all other strains on the first 6 days post-eclosure was indistinguishable from Canton-S flies (data not shown). In the presence of 10 mM RAP, Canton-S and me31b-GFP flies laid a small fraction of eggs compared with vehicle-only controls (Figure 4a , data graphed as a percent embryos laid of vehicle-treated controls at days 3-6 of treatment). dTOR/ þ , scrb/ þ , lgl/ þ , and drpr/ þ (not shown, see below) flies all showed the same drastic loss of oogenesis as found with wild-type flies.
In striking contrast, flies heterozygous for functional alleles of several of our candidate genes rescued embryo laying in flies fed RAP (Figure 4a ). Heterozygous dlg (null allele dlg lv55 / þ ), mer/ þ , and wts/ þ mutants showed significantly increased embryos laid per fly versus wild-type controls and controls for genetic background (see Materials and Methods). Examination of whole ovary pairs (representative mer 4 ovaries from flies raised on 10 mM RAP shown in inset; Figure 4a ) and ovarioles from treated mutant flies showed the expected rescue of oogenesis; these mutants had vastly fewer degenerating egg chambers on RAP than controls. To test whether flies showing rescued oogenesis were simply showing an overall increased resistance to RAP, 20 mM was applied, a dose that we found is the approximate LD20/7 days for all wild-type and mutant fly lines tested. We found that even at this sometimes-lethal dose, surviving dlg/ þ , mer/ þ (mer 4 / þ at 20 mM shown), and wts/ þ flies laid significant numbers of embryos. The similar lethality of this dose across strains suggests that individual mutants are not more resistant to high concentrations of RAP in food. Further, control western blots (Figure 4b ) revealed that the dTOR kinase substrate p70S6-kinase is phosphorylated at essentially wild-type levels in untreated dlg lv55 / þ , mer/ þ , and wts/ þ mutant flies, and its phosphorylation is greatly diminished in RAP-treated flies of each strain. This suggested that the reduced ISOD seen in mutants is unlikely to be a result of de-regulated TOR signaling as a result of each mutation.
We performed additional controls to confirm the genetic basis of rescued embryo laying in flies fed RAP. We controlled for the genetic background of dlg lv55 and mer 4 by generating heterozygous flies in a wild-type Canton-S background. Both outcrossed control strains showed a significant rescue of egg laying on RAP similar to their parent strains (data not shown). Further, comparison between two alleles of mer 31 showed that flies heterozygous for a weaker allele, mer3, had a delayed rescue (compare mer 3 / þ and mer 4 / þ on day 3 of embryo collection; Figure 4a ) and fewer average embryos laid when compared with flies heterozygous for a stronger allele, mer 4 / þ (mer 3 results in an amino-acid substitution, M177I, although mer 4 is a premature stop codon mutation, Q170STOP). We also tested flies heterozygous for a temperature-sensitive allele of dlg (dlg hf ) with near-wild-type function at permissive temperature (181C) and hampered function at restrictive temperature (251C). We found that both heterozygous flies bearing the null allele dlg lv55 and, separately, the temperature-sensitive allele dlg hf at restrictive temperature robustly rescued embryo laying, whereas dlg hf / þ flies raised at the permissive temperature resulted in fewer embryos laid.
In light of the rescue of oogenesis, embryo laying, and offspring production in epithelial polarity mutants, we tested whether these mutations also rescue oogenesis under conditions of nutritional compromise. We housed flies under complete starvation conditions (agar plates alone), partial starvation conditions (grape juice agar plates 5 ), or on 'rich food (grape juice agar with added yeast 5 ).' As seen in wildtype and me31b-GFP flies (Figure 1h , 'STRV'), egg chamber production by epithelial polarity mutant flies was completely blocked when they were housed on agar plates lacking juice (data not shown). Comparison between rich food and partial starvation revealed a vast reduction in embryo laying in flies housed on juice agar in heterozygous dlg lv55 / þ , mer 4 / þ , and wts/ þ flies (Figure 4c ). Of the mutants, only the dlg allele showed slight but significantly increased embryo laying under partial starvation conditions versus 'wild-type' (me31b-GFP) controls. Here again, we tested dlg lv55 / þ and mer 4 / þ outcrossed into a Canton-S background, and found nearly identical effects correlating with each mutation (not shown). Analysis of ovaries, ovarioles, and embryos from mutants raised under the specified conditions followed. Although embryo laying was partially rescued in the noted mutants, we did detect differences in egg chamber degeneration in mutants raised in the presence of RAP versus the process seen in wild-type flies (Figure 1e ). Degenerating egg chambers from dlg lv55 / þ (Figure 4d ), mer 3 / þ (Figure 4e ), and mer 4 / þ (Figure 4f ) flies are shown -compare with 'wild type' (me31b-GFP) example (Figure 1eii and iii) . Degenerating mid-stage dlg lv55 / þ egg chambers were characterized by intact and non-invasive PFC epithelia surrounding apoptotic NC nuclei. In keeping with embryo laying data, comparison between the two alleles of mer shows that the weaker allele (mer 3 / þ ; Figure 4e ) correlates with increased follicle cell disorganization relative to a stronger allele (mer 4 / þ ; Figure 4f ). 31 Although PFC were more disorganized in
/ þ egg chambers, no oocyte invasion by PFC was seen in these mutants. These data further show that gene dosage of epithelial polarity genes controls the initiation and execution of ISOD in response to RAP.
We interpreted these data to mean that the induction of PFC LOP is required for the successive steps of ISOD, and when not induced efficiently (as in the case of the mutants that rescue egg laying in the presence of RAP), the process is bypassed, and oogenesis continues. It is striking that two copies of dlg, mer, and wts are required to induce and execute ISOD (comparison between mutant phenotypes summarized in cartoons in Supplementary Figure S4 ). These mutants reveal that genes involved in the establishment and maintenance of epithelial polarity are also required for the µ Figure 4 Mutations in genes known to control epithelial polarity rescue embryo laying in RAP-treated flies. (a) Flies heterozygous for mutations in dlg, mer, and wts continue to lay embryos on 10 mM RAP (data graphed as a percent of vehicle-treated intra-strain controls). Similar to wild-type Canton-S (and w*; pVasa-me31B/GFP) flies, dTOR/ þ and Scrb/ þ mutants do not lay appreciable numbers of embryos on RAP. Statistical significance was determined comparing all strains to Canton-S flies (at each corresponding day of embryo collection) by two-way ANOVA with Bonferroni post hoc test; asterisks denote P-values where * ¼ Po0.05, ** ¼ Po0.01, and *** ¼ Po0.001. In contrast, flies mutant for the engulfment receptor drpr maintained on RAP engage in stage 8/9 ISOD in a manner that approximates that seen in wild-type flies. Drpr mutants show all of the hallmarks of ISOD. Interestingly, drpr mutant ovarioles were found to contain an elevated number of egg chambers with apoptotic nuclei at every stage of development (Thomson and Johnson, unpublished), suggesting that the basal rate of clearance of dead and dying cells in wild-type egg chambers is under-appreciated. This is in keeping with the function of Drpr in the recognition and clearance of dead, damaged, and dying neurons, 34 and the observation that Minute cells die before being recognized, surrounded, and cleared during cell competition. 35 However, as there is no apparent requirement for Drpr for oocyte invasion and destruction by follicle cells, the likelihood that oocyte damage and/or death signals need not precede invasion was further supported. Combined with the rapid induction of the process (e.g. from treatment to egg chamber remnant in approximately 2 h), and the follicle cell-specific requirement of FKBP12 for induction and execution, ISOD seems to represent a novel mode of cell death that involves regulated epithelial polarity and activation of a phagocytic program to destroy an adjacent cell.
Consequences of RAP treatment on offspring development. We went on to test the potential of the rare wild-type embryos laid by RAP-treated wild-type females or the comparatively abundant embryos laid by RAP-treated heterozygous mer, dlg, or wts flies to hatch and develop to adulthood. As mentioned, male reproductive function was not affected by RAP. Also as mentioned, RAP treatment of larvae (phenocopied by TOR mutations) compromises growth, development, and survival to adulthood. 19, 36 We thus moved laid embryos from treated flies of these genotypes to food containing no drug and found that embryos laid by RAP-treated mothers were grossly normal. However, hatching and development to adulthood was compromised in offspring of treated mothers as follows: 7% (4/55) of Canton-S, 40% (72/180) of mer 4 / þ , 25% (20/120) of wts/ þ , and 32% (50/157) of dlg lv55 / þ hatch and survive to adulthood, respectively. Compared with the approximately 90% hatching and survival rate of FKBP12 PFC knockdown offspring (Figure 3c and above) this suggests that although oogenesis is rescued, defects in offspring can arise when RAP is present and ISOD does not occur or is not executed correctly.
ISOD is conserved in the mouse. As mentioned, mammalian 7 and avian 6 follicles bearing oocytes die in a process referred to as atresia. Atresia culminates in the regression of the follicle in a little understood process in which a fraction of live granulosa cells engulfs dying and dead granulosa cells and the oocyte, 10 resulting in a degenerate remnant. Earlier studies in our laboratory 37 showed that RAP treatment of preantral (e.g. immature) mouse follicles cultured in vitro resulted in compromised follicle growth because of the inhibition of granulosa cell proliferation, without inducing granulosa cell death.
Our Drosophila results spurred us to repeat those experiments and carefully assess the disposition of oocytes and follicles after culture in RAP.
As expected, vehicle-treated follicles showed significant granulosa cell proliferation 48 h after culture in media containing the gonadotrophin FSH (compare freshly isolated/uncultured follicle in Figure 5a to same follicle cultured in vehicle, Figure 5b ). We found that RAP treatment caused three dosedependent effects on cultured follicles. First, in keeping with the effects seen in flies, oocytes were displaced by granulosa cells in a manner that rendered the oocytes unrecognizable (Figure 5c) . A similar loss of oocytes can be induced by omitting FSH from culture media (Figure 5d ). Second, follicles are seen in which the granulosa cell layers did not proliferate, but remain intact (Figure 5e ). Treated follicles lacking oocytes or that did not grow were confirmed as viable using a biochemical assay (after Yaba et al., 37 data not shown), showing that the destruction of oocytes in these mouse follicles was again unlikely to be a passive degenerative process as in flies. Last, we found that either FSH omission or treatment with 200 nM RAP resulted in a fraction of follicles that lost spherical integrity and 'plated down' onto the culture surface (Figure 5f ). This result is reminiscent of the LOP seen in treated flies and ovarioles and warrants further study as regards the 'polarity' of granulosa cell layers. These data are summarized in the graph in Figure 5g .
These data suggest that at least in the case of RAP treatment, that oocyte invasion and destruction by adjacent somatic cells is conserved in the mouse during the early window of ovarian follicle growth. It remains to be seen whether somatic-specific effects are sufficient to cause oocyte destruction as seen in the fly. As orthologs of genes relevant to epithelial apicobasal polarity and growth control have been detected within mouse ovarian follicles (including scribble and discs large 38 ) , it is possible that the genes involved in initiating and executing oocyte destruction are also conserved in mammals.
Discussion
ISOD is a unique mechanism that controls oocyte survival. We, therefore, show that the response to the bacterial product RAP is unique from that of complete starvation (Figures 1a-e, h and 2) , and that this response is follicle cell specific (Figures 3; Supplemetary Figure S3 ). We determined that the ovaries of dTOR/ þ flies neither contain an increased basal rate of degrading egg chambers, nor does heterozygosity for this allele results in reduced embryo laying compared with wild-type flies, showing that reduced gene dosage of the RAP target kinase alone does not result in oocyte destruction. Consistent with this, larvae heterozygous for a dTOR mutant allele also do not show slowed growth or development to eclosure when untreated. However, the addition of RAP to larval food resulted in an additive effect in which dTOR/ þ larvae developed to eclosure days slower than wild-type larvae. 19 In our studies, dTOR/ þ flies fed RAP laid almost no embryos, just as found with wild-type flies (Figure 4a) . Further, the induction of oocyte destruction by RAP was shown to require FKBP12 expression (Figure 3 ) and to correlate with significantly reduced phosphorylation of the dTOR substrate p70-S6 kinase (Figure 4b ). These data support the RAP-sensitive TOR complex 1 (TORC1) as the inhibited target that results in ISOD, but alterations in PFC polarity and position during invasion suggest that inhibition of dTOR within the actin cytoskeleton regulating TORC2 39 may also be involved.
We further show that genes required for the establishment and/or maintenance of proper PFC epithelial polarity are also required for the induction of oocyte destruction (Figure 4 ) during RAP treatment. As flies that bear a single copy of dlg fail to initiate oocyte destruction (e.g. do not lose follicle cell polarity; see Figure 4d ) and flies heterozygous for mer (Figures 4e and f) or wts show disorganized PFC organization after RAP treatment, but not PFC invasion or phagocytosis, the successive stages of oocyte destruction correlate with two intact copies of these genes. Prevention of the induction of ISOD not only rescues the destructive process seen in mid-stage egg chambers, but can entirely rescue the production of normal mature eggs and normal offspring in certain cases.
These data are consistent with earlier studies, in particular those identifying the impact of nutritional compromise on egg chamber production 11, 12 and destruction. 5 We have added to this body of work in the following ways. First, the use of RAP both reveals its unique effects on oogenesis and also allows us to place the successive stages of egg chamber destruction in temporal order. Second, we have identified genes responsible for the initial step in ISOD, the loss of PFC epithelial polarity. Last, assessment of embryo laying and offspring production in flies shows that altering the control of epithelial polarity in PFC can rescue not only oogenesis, but also offspring production (below). Further analysis is warranted to determine the effects of dTOR pathway mutations 25 and specific dietary conditions (amino-acid and/or sugar availability) and hormonal (ecdysone, juvenile hormone, sex peptide) stimuli 11 on egg production and destruction.
ISOD response is distinct from models of follicle cell tumorigenesis. The surprising requirement for genes involved in follicle cell epithelial polarity for ISOD induction reveals new information about Dlg, Mer, and Wts function. Zhao et al. 32 showed that increasingly strong discs large mutations result in increased invasion of follicle cells into the germ compartment of egg chambers. This invasion was enhanced by concurrent heterozygosity for lgl, wts, and scrb. In the case of double mutants, follicle cell proliferation was seen to be strongly enhanced resulting in large follicle cell tumors in mid-stage egg chambers and beyond. In no case did we see follicle cell proliferation during stage 8/9 ISOD. Importantly, the weakest example(s) of dlg mutants showed no follicle cell invasion, 32 in contrast to our results when those same flies were housed on RAP or were partially starved. Also of interest is our finding that scrb and lgl mutants did not rescue oogenesis in the presence of RAP, unlike mer and wts. The combinatorial action of these genes during tumorigenesis is, therefore, different than their functions in the control of mid-stage egg chamber destruction.
These results speak of an interesting gene dosagedependent mechanism, in which homozygosity for the above epithelial polarity genes is required for a regulated loss of The loss of epithelial polarity induced by RAP was also reminiscent of the work by Mirouse et al., 40 who showed that 'energetic stress' (in their model, reduced sugar availability) resulted in an LOP in follicle cell clones mutant for the AMPK catalytic subunit ampka. As AMPK is known to act upstream of TOR kinases, our data are consistent. However, in contrast to that work, in which LOP was detected in follicle cell clones in many stages of egg chamber development, we only detected altered follicle cell organization in stages 8 and 9 egg chambers. This suggests that additional factors maintain epithelial organization in egg chambers outside of the midstages during RAP ingestion.
Implications for female fertility. Our data also preliminarily support a novel example of cellular destruction of a neighboring cell, limited to a specific developmental window of time and location (mid-stage egg chambers). The rapid execution time, its dependence on somatic follicle cell FKBP12 function, and our lack of detection of oocyte death when flies, ovarioles, or mouse follicles are treated with RAP invokes a striking interpretation: adjacent somatic cells can apparently invade and destroy the oocyte without earlier oocyte death or damage signals.
The recognition of this inducible developmental program of oocyte destruction has several implications beyond the immediate control of reproduction. That the different modes of induction, for example starvation and RAP treatment, result in different outcomes is suggestive of unique evolutionary strategies to control oogenesis in either a food-or natural antibiotic-dependent manner. In flies, these data support a hypothesis in which the establishment and maintenance of immunophilin (FKBP12, etc.) function in the genome would confer a significant reproductive advantage when molecules such as RAP are encountered, by preventing embryo laying in the short term, until an environment that will support larval development is encountered. Last, the conservation of this inducible mode of oocyte destruction in mammals suggests that the loss of immature oocytes during post-natal life may not only partly depend on intrinsic oocyte 'quality' (genetic/epigenetic or cytoplasmic integrity), but also may be controlled by the rate that somatic cell destruction of adjacent oocytes is induced. Future efforts to screen for genes required for mid-stage ISOD onset may reveal a large assortment of triggers and responsive genes that integrate environmental information to control fertility in mice as well as flies.
Our data support a new direction for efforts to protect fertility: blocking somatic cell destruction of oocytes. This mechanism warrants further study as the signaling network between the induction of ISOD through RAP or starvation and the execution of egg chamber destruction is essentially unknown. ; pVasa-me31B-GFP flies were found to undergo normal oocyte development and to have egg laying characteristics that did not significantly differ from the wild-type Canton-S strain.
Starvation, fly food supplementation, and embryo laying assessment. Agar plates containing grape juice have been used to mimic starvation conditions by other groups. We use hydrated agar containing no juice or other additives so that no energy or amino-acid sources are available in which 'starvation' is indicated. As flies lay embryos that can survive to adulthood (albeit at a greatly reduced rate) on grape juice agar, we refer to that treatment as 'partial starvation.' RAP experiments were performed using 'rich food,' grape juice agar plates supplemented with yeast. Concentrations of RAP were determined to be that of the volume of yeast slurry plus the volume of the juice agar within the collection plate (2.5 ml). Plates were changed daily with fresh aliquots of RAP mixed within a yeast slurry. Embryo laying experiments were performed at 251C except for dlghf flies whose embryo laying was tested at 181C as well as 251C. In brief, five virgin females of each genotype were collected and crossed to three wild-type males. Either Canton-S or wÀ, P{w þ , vasP-Me31B-GFP} males were used with no difference in subsequent egg laying seen between paternal strains. Flies were put into a cage with a collection plate having 250 ml of a 25% yeast slurry with vehicle or RAP (LC Laboratories, Woburn, MA, USA) spread evenly over the surface of the collection plate. After confirming that male function was unaffected by RAP ingestion, gross assessment of embryo cellularization was performed for each experiment using light microscopic evaluation. Fertilization and early embryonic development were found to be unaffected by maternal RAP ingestion in this manner. For all reported parameters, each strain was tested in at least three separate trials. Western blot analysis. For analysis of intracellular proteins, cells were lysed using 1% NP40 and 0.1% SDS in the presence of protease inhibitors. Protein concentrations were calculated by BCA assay (Pierce Biotechnology, Rockford, IL, USA). A total of 20 mg of each protein lysate were diluted in sample buffer and boiled for 5 min. Proteins were resolved under reducing conditions on either 10 or 12% SDS-PAGE gels and then transferred onto nitrocellulose membranes (NEN Life Sciences, Boston, MA, USA). Membranes were blocked at room temperature for 1 h with 5% powdered milk in PBS/0.05% Tween 20 (PBS-T). After three washes for 10 min, each with PBS-T, membranes were incubated overnight at 41C with primary antibody (Rabbit anti-phospho p70 S6 kinase Thr389 at 1/1000, Cell Signalling; and mouse anti-b-actin (1 : 10 000) (Sigma, St. Louis, MO, USA) in PBS-T/1% FFPM. After this incubation, membranes were washed three times as before and then incubated at room temperature for 1 h with the appropriate secondary antibody conjugated to peroxidase (1 : 10000, Southern Biotech, Birmingham, AL, USA) in PBS-T/1% milk. After three washes for 10 min each with PBS-T and three washes for 10 min each with distilled water, the peroxidase-conjugated antibody was detected by enhanced chemiluminescence (Perkin Elmer, Waltham, MA, USA). b-actin was used as internal control, in addition to Ponceau Red, to validate transfer quality and the amount of protein loaded onto the gels.
Fluorescence visualization and immunostaining. Ovaries from various fly strains and experiments were dissected in PBS, fixed in devitellinizing buffer with 5% formaldehyde (methanol free to preserve GFP activity), under heptane for 5 min. After fixation, ovaries were washed several times with PBT
